Visual perception of an object depends on the discontinuity between the object and its background, which can be defined by a variety of visual features, such as luminance, colour and motion. While human object perception is largely cue invariant, the extent to which neural mechanisms in the primary visual cortex contribute to cue-invariant perception has not been examined extensively. Here we report that many V1 neurons in the awake monkey are sensitive to the stimulus discontinuity between their classical receptive field (CRF) and non-classical receptive field (nCRF) regardless of the visual feature that defines the discontinuity. The magnitude of this sensitivity is strongly dependent on the strength of nCRF suppression of the cell. These properties of V1 neurons may contribute significantly to cue-invariant object perception.
How do we perceptually segregate an object from its background? First, the object must be different from the background in some stimulus parameters. In most cases, it is the difference rather than the actual values of the parameters that plays a key role in perceptual segregation. For example, to detect a moving object, the visual system assesses the relative motion between the object and the surround rather than the absolute speed of the image across the retina. Physiologically, a recent study (Cao & Schiller, 2003) has shown that most V1 neurons exhibit higher responses to relative motion stimuli than to homogeneous field motion. This indicates that V1 neurons are sensitive to the relative motion velocity, which may contribute to the perception of relative motion signals. Second, perceptual segregation can be achieved using a variety of features (e.g. luminance, texture and motion), giving rise to cue-invariant perception. Cue-invariant response properties have been found in a number of visual areas both in cats (Hammond & MacKay, 1977; Redies et al. 1986; Leventhal et al. 1998; Mareschal & Baker, 1998; Khayat et al. 2000; Tanaka & Ohzawa, 2006; Zhan & Baker, 2006) and in monkeys (Albright, 1992; Sary et al. 1993; Zipser et al. 1996; Chaudhuri & Albright, 1997; Marcar et al. 2000; Ramsden et al. 2001; Bourne et al. 2002; Liu et al. 2004; Mysore et al. 2006) . Recent studies have shown This paper has online supplemental material.
that some V1 neurons can signal the spatial discontinuity in visual stimuli defined by orientation (Sillito et al. 1995) or velocity (Cao & Schiller, 2003) . However, whether a given V1 neuron can signal discontinuities defined by multiple visual features is still unknown. Clarification of this issue is important for understanding the neural basis for cue-invariant perceptual segregation. In the present study, we examined whether centre-surround discontinuity detection in primate V1 is cue invariant. We found that many neurons are sensitive to the discontinuity between the CRF and nCRF stimuli regardless of the underlying visual cue. The magnitude of this effect is directly related to the strength of nCRF suppression of each neuron.
Methods

Behavioural training and surgery
Experiments were performed on four macaque monkeys (Macaca mulatta) (two female and two male) weighing 4.5-5.5 kg. The monkeys were purchased from colonies maintained by the Chinese Academy of Sciences (Qiandao Lake Animal Experiment Research Centre and Suzhou Animal Experiment Research Centre). All experiments were approved by the Animal Care and Use Committee of the Institute of Neuroscience and performed in accordance with the National Institutes of Health guidelines. The monkey sat in a restraining chair. Juice was given as a reward for performing the task. The animal was trained to fixate at a small white spot (0.2 degree visual angles (deg) in diameter) located at the centre of a monitor placed 70 cm from the eyes. When the monkey pressed a lever, a trial began with the fixation point appearing. After a variable delay of 0.5-5 s, the spot changed colour to light yellow and the lever had to be released within 500 ms for the monkey to receive a juice reward. Once the monkey learned the task, a head-restraining implant and a stainless steel recording chamber overlying areas V1 and V2 were surgically attached to the skull. Animals were first sedated with ketamine hydrochloride (5-20 mg kg −1 i.m.) and injected subcutaneously with atropine sulphate (0.04 mg kg −1 ), and then deeply anaesthetized with sodium pentobarbital (30 mg kg −1 i.v.). Once a stable plane of anaesthesia was achieved (judged by lack of corneal response and loss of the withdrawal reflex to toe pinch), surgery was conducted under aseptic conditions. Analgesics (buprenorphine, 10 μg kg −1 every 12 h for 2 days post-operatively and then as needed) and antibiotics (gentamycin, 5 mg kg −1 1 h prior to start of surgery followed by 5 mg kg −1 every 12 h for 7 days following surgery) were administered to control post-surgical pain and infection. The experiment began 2 weeks after the preparatory surgery. For the current study, each monkey was recorded from for 6-24 months. At the end of the experiment, one monkey was killed with an overdose of sodium pentobarbital (100 mg kg −1 ) and the others were retained for further studies. A remote, infrared eye tracker (Eyelink II, resolution 0.01 deg) was used to monitor the eye movements during post-operative training and throughout the experiments (mono-optically, see Fig. 7 ). During fixation trials, eye position was sampled at 500 Hz.
Recordings
Activity from single neurons or clusters of neurons was recorded extracellularly with glass-coated tungsten electrodes prepared according to the method published in a previous paper (Li et al. 1995) . The electrode was inserted through the intact dura with a hydraulic microdrive mounted on the chamber. Responses were recorded from V1 neurons whose CRFs were at eccentricities of 2-6 deg. Nerve impulses, after being converted to standard pulses by a window discriminator, were fed into a computer, along with eye position data for real-time monitoring and analysis. Both the behavioural and physiological data were processed using software written in our laboratory. A fixation window (1 deg) was set and centred on the fixation position, so that deviations of the eye position from the fixation point resulted in cancellation of the trial. To confirm that the recording sites were in V1, the CRF positions of the neurons in each penetration were tracked to ensure that the location of microelectrode penetrations followed the orderly retinotopic mapping of the visual field onto V1, and in one of the monkeys the recording sites were confirmed histologically. Recording depth was determined with reference to the reading on the electrode manipulator and the response properties characteristic of layer 4 cells (high spontaneous firing rates, synchronized with light on and off). When more than one neuron was recorded simultaneously, the spikes from different neurons were differentiated on the basis of both amplitude and slope of the spike waveform.
Visual stimuli
A computer (Pentium 4, 2400) with a graphics card (Gforce 4200 Ti) was used to generate visual stimuli (frame rate, 85 Hz). The screen was 40 cm × 30 cm (33 deg × 25 deg). This visual stimulator could generate multiple patches of sinusoidal grating stimuli of various sizes, spatial frequencies, orientations, velocities, colours and contrasts. The stimulus patterns ( Fig. 1 ) consisted of two concentric patches of gratings with a mean luminance of 10 cd m −2 (except for the experiment with centre-surround luminance discontinuity) and a contrast of 0.95 (except for the experiment with contrast discontinuity). In experiments testing colour discontinuity, the luminance among different colours was set to be the same using a luminance meter (Minolta LS-100). In most experiments, the small patch was set to have the same size and location as the CRF of the recorded neuron and the large concentric annulus was always 10 deg in diameter. By varying one of the visual features (luminance, contrast, colour, orientation, spatial frequency or velocity) in a randomized, interleaved sequence, various types of discontinuity were introduced between the CRF and nCRF. Note, when one feature was varied, other features were identical for both centre and surround stimuli, at the preferred value of the cell. To eliminate the potential effect of luminance border, we also used random dots to stimulate the centre and surround regions in some experiments (Fig. 9) . The random dot display consisted of white dots (size: one pixel of the screen, luminance: 76 cd m −2 ) scattered on a dark background (luminance: 7.7 cd m −2 ). Dot density was 30%. All the dots within each region moved at the same velocity.
Data analysis
Data collection was synchronized with the stimulus presentation. To quantify the neuronal responses, we computed the mean firing rate over the entire period of the stimulus presentation (2-3 cycles of drifting gratings, 500-1000 ms), but the results were similar if the period immediately following stimulus onset (50-100 ms) was excluded. For each stimulus configuration, the responses in 5-20 repeats were averaged. We excluded cells with mean firing rates < 5 spikes s −1 .
Suppression index (SI)
The strength of nCRF suppression was quantified by the suppression index, defined as:
where R ff represents the response to full-field (10 deg × 10 deg) grating stimulation, R centre represents the response to centre grating stimulation alone, and R spt represents the spontaneous discharge rate. The orientation and spatiotemporal frequency of the drifting grating (mean luminance, 10 cd m −2 ; contrast, 95%) were set at the optimum for the cell. For neurons exhibiting a suppressive surround effect, the suppression index is greater than 0.
Discontinuity sensitivity index (DSI)
To quantify the sensitivity of each cell to stimulus discontinuity, we measured the discontinuity sensitivity index (DSI), defined as:
where R same represents the mean response when centre and surround stimuli are the same (along the diagonal of 
Schematic depiction of visual stimuli in the experiments
A, a set of visual stimuli with centre-surround discontinuity defined by the luminance cue. Each stimulus pattern consisted of two grating patches, a centre grating (x-axis) and a surround annular grating (y-axis). The centre of the patches was set at the centre of the CRF. In each experiment, the set of centre-surround combinations were presented in a pseudo-random sequence. B, six visual cues used to introduce centre-surround discontinuity: luminance (from 10 0 to 10 2 cd m −2 , step 10 0.2 cd m −2 in logarithmic scale), contrast (from 10 to 90%, step 10%), colour (red, yellow, green, cyan, blue, purple), orientation (from 0 to 330 deg, step 30 deg), spatial frequency (from 0.2 to 3.2 cycles deg −1 , step 0.3 cycles deg −1 ) and moving velocity (from 1.5 to 6 deg s −1 , step 0.5 deg s −1 ). Note that, when one feature was used to introduce the discontinuity, the other features were held at the optimal value of the cell in both the centre and surround patches.
each two-dimensional function shown in Fig. 2) , and R diff, represents the mean response to all off-diagonal stimuli. To ensure that DSI and SI are estimated from non-overlapping data, we excluded the responses used in SI estimation from the estimation of DSI (e.g. to measure luminance DSI, we excluded the data with centre luminance at 10 cd m −2 and computed R same and R diff from the remaining data).
Determination of the CRF
The procedure was identical to that described in a previous paper (Li & Li, 1994) . Briefly, to locate the centre of CRF, a small rectangular drifting gating patch (typically 0.1 deg × 1 deg, 2-3 cycles, 500-1000 ms at each position) was presented at successive positions along axes perpendicular or parallel to the optimal orientation of the cell (see Fig. 7B ). The peak of the response profile along the length and width axes was defined as the centre of the CRF, and the borders of the CRF were defined as the positions where the responses were at the spontaneous level.
Detection of microsaccade
We detected microsaccades with a previously developed algorithm (Martinez-Conde et al. 2000 . Eye position was continually recorded at 500 Hz using Eyelink II, and eye-position data were resampled offline from 500 Hz to 1 kHz using linear interpolation in order to apply the published microsaccade-detecting algorithm J Physiol 583.2 (developed for a 1 kHz search coil system). We computed the change in x and y eye positions at each millisecond by subtracting the digitized measurement of eye position for each millisecond from the value of the previous millisecond. This amounted to taking the time derivative position dx and dy for each millisecond. Microsaccades were then detected based on dx and dy as described in the previous studies (Martinez-Conde et al. 2000 .
Results
We analysed 161 units (76 single, 85 multiunits) in V1 of four awake monkeys. Since the results of simple The difference in response between the diagonal and off-diagonal regions was statistically significant in all six cases (P < 0.001, Mann-Whitney U test). The response of this cell to optimal stimulus in the CRF alone was shown by the grey plane near the top (drifting grating at preferred orientation and spatiotemporal frequency).
and complex cells were similar, we combined them in most of the data analyses (except in Fig. 6 ). To examine the detection of centre-surround discontinuity by V1 neurons, for each visual feature dimension we systematically varied the stimulus parameters for the centre (circular) and the surround (annulus) (Fig. 1A) . Six types of visual feature dimensions were examined, including luminance, contrast, colour, orientation, spatial frequency and motion velocity (Fig. 1B) . In the first set of experiments, we used sinusoidal gratings in both the centre and the surround. To eliminate the potential effect of luminance borders, we also used random dots to stimulate the centre and surround regions in later experiments (Fig. 9) . Figure 2 shows the result from a neuron exhibiting strong suppressive nCRF. This neuron exhibited vigorous responses to all stimuli with different centre and surround luminance, and weak responses to stimuli with the same luminance (diagonal, Fig. 2A) . The difference in the responses between the diagonal and off-diagonal conditions was significant (P < 0.001, Mann-Whitney U test). Similar results were also found when the discontinuity was defined by other visual features (Fig. 2B-F) . This indicates that the same neuron can detect the discontinuity between the centre and surround based on multiple cues. Figure 3 shows the results of the same stimulus manipulations as in Fig. 2 , but the responses were based on the average responses of 20 cells (single unit recordings, tested with all six features) with The format is identical to that in Fig. 2 . After subtracting the spontaneous firing rate, the responses of each cell were normalized by the response to optimal stimulus in the CRF alone before being averaged across cells. For D, the different cells were aligned by their optimal orientation before averaging. The difference in response between the diagonal and off-diagonal regions was statistically significant in all cases (P < 0.001, Mann-Whitney U test). strong surround suppression (suppression index > 0.5, see Methods). These cells showed strong differences in the responses between the diagonal and off-diagonal conditions for all six features. To further examine the cue invariance of these cells in their sensitivity to stimulus discontinuity, we computed the discontinuity sensitivity index (DSI, see Methods) for each visual feature and normalized the six DSI indices by the largest DSI of each cell. As shown in Fig. 4 , most DSIs are larger than 60% of the maximum. Similar results were also found for the multiunit recordings (see online Supplemental material, Fig. 1 ). These results indicate that for cells with strong surround suppression, the sensitivity to stimulus discontinuity is largely cue invariant. We also examined whether the sensitivity of the cell to the centre-surround discontinuity depends on its feature selectivity, especially its orientation selectivity, within the CRF. The cell shown in Fig. 2 (Fig. 3) The DSIs (lum, luminance; con, contrast; col, colour; ori, orientation; spf, special frequency; vel, velocity) are normalized by the highest DSI of each cell. Each line represents data from one cell. to orientation (preferred orientation 280 deg), since the response as a function of centre orientation given a fixed surround orientation was quite flat except for the dip in the curve when centre and surround orientations are the same (Fig. 5A and B) . However, the cell shown in Fig. 5C and D, which exhibited strong orientation selectivity (preferred orientation 75 deg), was also sensitive to the centre-surround orientation discontinuity. The effect of surround orientation on the tuning to centre orientation is consistent with a previous finding (Sillito et al. 1995) , and the difference in the responses between the diagonal and off-diagonal conditions was significant (P < 0.001, Mann-Whitney U test). Over the population, sensitivity to centre-surround orientation discontinuity was observed for both strongly and weakly tuned cells. Previous studies have shown that the responses of V1 neurons to stimuli in the CRF can be influenced by the stimuli in the nCRF (Blakemore & Tobin, 1972; Maffei & Fiorentini, 1976; Nelson & Frost, 1978; Allman et al. 1985; Gilbert & Wiesel, 1990; Knierim & van Essen, 1992; DeAngelis et al. 1994; Levitt & Lund, 1997; Sengpiel et al. 1997; Lamme et al. 1998; Bringuier et al. 1999; Kapadia et al. 1999; Nothdurft et al. 1999; Sceniak et al. 1999; Anderson et al. 2001; Jones et al. 2001; Rossi et al. 2001; Ozeki et al. 2004; Chen et al. 2005; Webb et al. 2005) . This influence can be facilitatory or inhibitory. In our experiment, the great majority of cells were suppressed by the surround if both centre and surround were stimulated by gratings at the preferred orientation and spatiotemporal frequency (measured with the centre stimulus alone). The centre-surround discontinuity sensitivity of the V1 neurons appears to be directly related to the strength of nCRF suppression. To quantify this relationship, we analysed the relationship between DSI and the suppression index (SI, see Methods) for various visual features. As shown in Fig. 6 , there is a significant correlation between DSI and SI for all six visual features (P < 0.01). Thus, neuronal sensitivity to the centre-surround discontinuity defined by various visual features is strongly correlated with the strength of nCRF suppression, suggesting a causal relationship between them.
Luminance border effect
For most of the stimuli used in the above experiments (Fig. 1B) , there exists a luminance edge at the border between the centre and surround gratings. The higher responses to the off-diagonal stimulus configurations could be evoked by the luminance edge, if the edge falls into the CRF. Although in our experiments the centre patch covers the entire CRF, the luminance borders may occasionally fall into the CRF due to microsaccade (Fig. 7A) . In Fig. 7A , the standard deviations of the eye position were 0.11 deg and 0.14 deg for horizontal and vertical directions, respectively. For most neurons the fixation window was 0.8 deg, and the standard deviations of eye position across all units studied in our experiment were 0.09 ± 0.02 deg (mean ± s.d.) and 0.15 ± 0.05 deg for the horizontal and vertical directions, respectively. However, eye movement is unlikely to account for our observations, for several reasons. First, the microsaccade similarly affects our measurement of the CRF border (Fig. 7B) , causing an over-estimation of the CRF size.
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More importantly, even when we used centre patches considerably larger than the CRF, such that the luminance edge should never fall into the CRF, the sensitivity to centre-surround discontinuity was still observed. Figure 7 shows a cell with CRF size of 2.2 deg × 2.0 deg (Fig. 7B) . When we used a centre stimulus size of 4 deg, we still observed significant difference between the responses in the diagonal and off-diagonal regions (Fig. 7C , P < 0.01, Mann-Whitney U test). Among the 14 neurons tested with large centre stimuli, six cells were almost completely suppressed and thus could not be used to examine the sensitivity to centre-surround discontinuity. The remaining eight cells showed significant sensitivity to the centre-surround discontinuity (P < 0.01, Mann-Whitney U test; DSI of each cell was the average DSI across different features; the mean DSI of the eight cells was 0.41 ± 0.16 (mean ± s.d.)). Second, as shown in the last section, the discontinuity sensitivity depends strongly on the strength of nCRF suppression. This is inconsistent with the possibility that the discontinuity sensitivity is caused primarily by the luminance edge falling into the CRF. To further exclude the possibility that the frequency of microsaccades per se depends on the centre-surround discontinuity, we compared the eye position distributions (Fig. 8A-E) and the rates of microsaccades (see Methods, Fig. 8F ) between trials with and without centre-surround discontinuity. We found them to be quite similar, indicating that the response sensitivity to centre-surround discontinuity could not be attributed to the difference in microsaccades. Finally, to further exclude the confounding effect of the luminance edge in the observed sensitivity to centre-surround discontinuity, we recorded the responses of V1 cells to the discontinuity defined by the relative moving direction or speed of random dots. In this case, there is no luminance edge at the RF border. As shown in Fig. 9 , we found that V1 neurons responded more strongly to the stimulus configurations off the diagonal than along the diagonal, for both direction (Fig. 9A) and velocity (Fig. 9B ) features (P < 0.01, Mann-Whitney U test). The average responses of 16 cells with strong surround suppression (SI > 0.5, all single units, among a total of 31 cells tested) are shown in Fig. 9C and D. These data indicate that V1 cells can signal the centre-surround discontinuity in the absence of luminance edges.
Discussion
In the present study, we found that V1 neurons in awake monkeys are sensitive to the discontinuity between the centre and surround stimuli regardless of the visual features that define the discontinuity. The degree of this sensitivity is strongly dependent on the strength of nCRF suppression. Recent studies have shown that V1 neurons can signal stimulus discontinuity between CRF and surround. Sillito et al. (1995) reported that some V1 neurons can detect orientation discontinuity, as these neurons respond to any combination of centre-surround orientations as long as the two orientations are not identical. Cao & Schiller (2003) found that most V1 neurons showed higher responses to stimuli with relative motion than with homogeneous field motion. In the current study, we found that some neurons in V1 can also signal the discontinuity defined by other visual features (including luminance, contrast, colour and special frequency). The ability of humans to perceive objects is largely cue invariant (Rivest et al. 1997) . Physiologically, cue-invariant response properties have been reported for cells in higher cortical areas such as middle temporal cortex (Albright, 1992) , medial superior temporal cortex (Geesaman & Anderson, 1996) and inferior temporal cortex (Sary J Physiol 583.2 et al. 1993) . For example, Sary et al. (1993) reported that many cells in IT can recognize the same shape regardless of whether it is defined by luminance, texture, or motion. In recent years, some groups reported that cells in early cortical areas (Zipser et al. 1996; Leventhal et al. 1998) including V1 can also extract information in feature-invariant fashion. Zipser et al. (1996) found that most of the V1 neurons show robust contextual modulation when diverse visual features define a textured figure centred on their CRF. Compared to their study, which used fixed centre stimuli and only two surround stimuli (same as or different from the centre), in the current study, we varied both the centre and surround stimuli systematically. This allowed us to demonstrate that many cells in V1 code the centre-surround discontinuity rather than the stimulus parameters per se. In some of the stimuli used in the present study (Fig. 1B, lower row) , there is not only the orientation- spatial-frequency-velocity discontinuity but also a spatial phase discontinuity between the centre and surround gratings. A recent study by Xu et al. (2005) showed that some V1 neurons in the awake monkey are sensitive to spatial phase discontinuity, although DeAngelis et al. (1994) found that most cells in V1 of anaesthetized cat were not sensitive to the relative centre-surround phase. In principle, the responses we have observed (Fig. 3, lower row) could simply reflect the cortical sensitivity to the relative spatial phase (Xu et al. 2005) . However, spatial phase sensitivity cannot account for the observation that cortical cells are also sensitive to the discontinuity defined by the direction and velocity of random dots (Fig. 9) . In fact, spatial phase is just another visual feature, and the dependence of the response to the relative spatial phase represents another type of centre-surround discontinuity sensitivity. We found that the degree of discontinuity sensitivity was strongly dependent on the strength of nCRF suppression. However, the surround suppression may be different among different feature dimensions, especially for colour. Solomon et al. (2004) found that in V1 the surround suppression evoked by isoluminant gratings was less than that evoked by achromatic gratings. In agreement with their study, we found that the DSI for colour is the lowest for many cells (Fig. 4) . Webb et al. (2005) found that responses to an optimally configured grating confined to the CRF were strongly suppressed by annular surrounding gratings drifting at a wide range of temporal and spatial frequencies. This is different from our finding on the response sensitivity to temporal or spatial frequency discontinuity. A potential reason for this discrepancy is that Webb et al. used the anaesthetized monkey while we used the awake monkey. There is evidence that both the degree of surround suppression and the proportion of cells showing strong surround suppression were larger in the awake animals (Jones et al. 2000 (Jones et al. , 2001 Akasaki et al. 2002) . Since the degree of the discontinuity sensitivity was strongly dependent on the strength of surround suppression, it is likely to be different between awake and anaesthetized animals.
In conclusion, we found that many V1 neurons are able to exploit and integrate multiple cues in order to signal the regional discontinuity of visual scenes, which may provide the prerequisite for more complex processing at higher-order cortical areas.
